Highly focused laser microbeams are being used with increasing regularity for targeted cell lysis, cellular microsurgery and molecular delivery via transient cell membrane permeabilization. To examine the mechanisms of laser induced cell lysis, we performed time-resolved imaging of confluent PtK2 cell cultures following the delivery of a single 6 ns, 532 nm Nd:YAG laser pulse. The laser pulse energies employed correspond to 1x and 3x threshold for plasma formation. The resulting plasma formation, pressure wave propagation and cavitation bubble dynamics were imaged over a temporal range spanning 5 orders of magnitude (0.5 ns -50 µs). Time-resolved imaging enabled determination of process characteristics including pressure wave speed and amplitude and cavitation bubble energies. The time-resolved images also revealed the onset of cellular damage to occur on nano-second time scales and complete within 1 µs. Moreover, the size of the damage zone was larger than the plasma but smaller than the maximum cavitation bubble size. This indicated that mechanisms apart from plasma vaporization namely pressure wave propagation and cavitation bubble expansion are contributors to cellular damage. Dye exclusion assays showed that the majority of cells experiencing considerable deformation due to fluid flow generated by the cavitation bubble expansion remain viable over 24 hours.
INTRODUCTION
Optical tools such as laser scissors and tweezers are now viewed as integral techniques in the biologists toolkit for perturbing biological systems on the molecular and cellular level 1 . The use of laser tweezers in measuring mechanical properties of cells and biomolecules with sensitivity in the pico-to femtonewton range is well established 2 . There has also been a proliferation in the use of pulsed laser microbeams for selective cell lysis 3 , intracellular microsurgery 4 , gene inactivation 5 and cell transfection via transient permeabilization of the plasma membrane 6, 7 . Several factors have contributed to the interest in using pulsed laser microbeams for biological applications including development of alternatives to harsher transfection methods like detergents, micro-pipettes and electroporation, selective targeting abilities capable of generating nanometer scale effects and ease of integration on microfluidic chip platforms for biochemical analysis and single cell analytics. An understanding of the laser-cell interaction is crucial to the progression of pulsed laser microbeams from research tools to useable analytical techniques. Outstanding issues include the understanding of photo-damage mechanisms and the determination of optimal irradiation parameters (wavelength, pulse durations and energy) for a given application.
Although the use of pulsed laser microbeams with pulse durations ranging from nano-to femtoseconds have been described the mechanisms of cell lysis or transfection are not as well studied. Venugopalan and co-workers recently established that pulse energies and irradiances used to produce laserinduced breakdown in water using 6 ns pulses at λ = 532 and 1064 nm focused at high numerical aperture are similar to those used in techniques like cell lysis and optoporation 8 . Thus it was hypothesized that laserinduced breakdown is the mechanism responsible for laser cell lysis, microsurgery and optoporation/injection. While laser-induced breakdown in a pure medium such as water 9,10 as well as laserinduced cell lysis of cells loaded with light absorbing micro-and nano-particles have been imaged 11 , there have been no studies that visualize cell lysis produced by laser-induced plasma formation in in-vitro cell cultures. We thus developed a time-resolved imaging system to image the cell lysis process upon delivery of a single nanosecond laser pulse focused at high numerical aperture into a plated cell sample.
MATERIALS AND METHODS

Experimental Setup
A schematic of the imaging setup used in the experiments is shown in Fig. 1 . A 6 ns duration, λ = 532 nm Nd: YAG laser (Brilliant B, Quantel Inc., Big Sky Laser MT) was introduced via the back aperture of a 40x objective (Zeiss Achroplan, NA = 0.8) to produce cell lysis. Time-delayed pulses for illumination purposes were produced by two different means. For time delays spanning 0.5 ns to 1 µs, the laser output was split with one beam being sent to the microscope to produce cell lysis and the other being used to excite fluorescence in a dye solution (LDS 722, Exciton Inc.). The dye fluorescence was collected by a multimode fiber optic line (600 UMT, Thor Labs) with the output being coupled into the microscope condenser. The length of the fiber optic line determined the delay between the irradiation and illumination pulses arriving at the cell sample. The bandwidth of the fluorescence emission (∆λ ~ 40 nm) eliminated speckle in the image. For imaging on time scales longer than 1 µs, we utilized an ultrashort pulse duration (∆t ~ 20 ns) flash lamp (Nanolite KL-L, High Speed Photo Systeme, Germany) that was triggered by a TTL pulse from the Nd: YAG laser Q-switch at an appropriate time using a delay generator (DG535, Stanford Research Systems). An intensified gated CCD camera (PI-Max, Roper Scientific Inc.) used for image collection was also triggered by a TTL pulse from the Nd: YAG laser Q-switch. A long pass filter (LP 570, Omega Optics) was used to block stray laser radiation from reaching the camera. Camera gate widths of 0.5 ns were used for dye fluorescence illumination and 200 ns for flash lamp illumination. This imaging system enabled the imaging of the dynamics of laser-induced breakdown in cell cultures including plasma generation, pressure wave propagation and cavitation bubble expansion and collapse. 
Cell Culture and Fluorescence Microscopy
Potorous rat kidney epithelial cells (PtK2) plated on imaging dishes were used as the sample. Cell lines were grown and maintained using standard cell culture techniques in phenol-red free culture medium. Cell viability after laser irradiation was assessed using a combined Acridine Orange (AO) and Propidium Iodide (PI) assay. AO is a nuclear stain readily taken up by cells and used to assess cell viability while PI is a membrane impermeant dye which is taken up by cells if the plasma membrane is compromised with uptake being an indication of dead or apoptotic cells.
Measurement of Plasma Threshold
Prior to cell irradiation the threshold for plasma generation was determined for phenol-red free culture medium in an imaging dish. Laser pulses were focused into culture medium and plasma generation was observed visually in a darkened room. Plasma incidence at a particular pulse energy was observed for 50 pulses and the threshold was defined as the pulse energy needed to achieve a 50% probability of plasma generation. Fig. 2 shows the plot for plasma incidence as a function of pulse energy with threshold being approx. 8 µJ. Cell samples were irradiated at pulse energies corresponding to 1x and 3x threshold and timeresolved images were taken of the lysis process. The laser focus was positioned slightly above (< 5 µm) the plated cells and into the culture medium. Fig. 3 shows images of PtK2 cell cultures at various time points after irradiation by a laser pulse with pulse energy at 3x threshold. Each image corresponds to a different time point after a single pulse was focused into the cell sample. The images clearly show the progression of cell lysis produced by laser induced breakdown. Fig. 3(a) is an image taken at a time delay of 20 ns and shows the maximum plasma size and the pressure wave launched by the rapid plasma expansion. After 20 ns, the plasma luminescence is no longer seen and a cavitation bubble resulting from the plasma expansion is found ( fig. 3b) . The pressure wave has also propagated a larger distance. It is remarkable that the passage of this pressure wave through the cell sample did not cause any visually observable cellular damage since it is known maximum pressures in the range of 100 MPa -1 GPa are generated in optical breakdown 8 . The onset of cellular damage is clearly seen inside the cavitation bubble indicating that lysis starts on the nanosecond time scale. Fig. 3(c) shows the rapid bubble expansion at a later points and the associated propagation of the region of cell lysis. The lysis process results in a clear zone around the irradiation site with cellular debris visible inside the bubble. Cell lysis appears to be caused by shear stresses generated by outward fluid movement associated with the bubble expansion. However, cell lysis is only observed upto approx. 1 µs, even though the bubble expansion continues upto 20 -45 µs. This can be clearly seen in fig. 3(d) where the bubble expansion only encompasses the surrounding cells without lysing them. The region of cell lysis can be clearly seen in the center of the image. Another interesting feature is the considerable deformation experienced by the cells that remain intact as seen in fig. 3(d) . The bubble collapse does not appear to produce any additional damage, but only serves to clear away the cellular debris.
RESULTS AND DISCUSSION
The time-resolved imaging allowed measurement of the maximum bubble size Rmax and bubble oscillation time Tosc. These parameters were used to calculate bubble energy. Assuming a hemispherical As the pulse energy increases the conversion into bubble energy also increases. This is seen by the increase in conversion efficiency from 10 to 19% for irradiation at 1x and 3x threshold respectively. The maximum bubble sizes and bubble oscillation times are also correspondingly larger. The larger bubble sizes also cause an increase in the zone of lysis.
The viability of the remaining cells were also evaluated by fluorescence microscopy. Fig. 4 shows the results of viability testing using AO and PI stains. Fig. 4(a) shows the cell sample in phase contrast with the the lysis zone as marked. Fig. 4(b & c) show fluorescence images of the same field of cells. Fig. 4(b) shows that nearly all the cells which were deformed due to the bubble expansion withstand this mechanical stress and are still viable (AO stain). These cells were also followed 24 hours post irradiation and continued to remain viable. Fig. 4(c) shows that only cells surrounding the lysis zone take up PI, indicating that their plasma membrane is compromised.
CONCLUSIONS
Irradiation with a single focused nanosecond laser pulse produced laser-induced breakdown within confluent PtK2 cell cultures. Time resolved imaging enabled visualization of the processes involved in laserinduced cell lysis. The experimental setup provided images over the interval of 0.5 ns to 50 µs. Cavitation bubble expansion was the major contributor to cell lysis. Cells also demonstrated the ability to withstand deformation produced by the fluid flow associated with bubble expansion and remain viable. 
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